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Chapter I. General Summary 
 
Ecological communities are assembled by complex interaction processes such as niche-related 
selection, dispersal, and ecological drift. Since zooplankton is an important component in freshwater 
ecosystems as consumers of phytoplankton and prey of planktivorous fish, many studies have been 
conducted to elucidate factors determining the patterns of the community and population dynamics. 
However, although insight into these processes strongly depends on the observational scale. Most 
previous studies on freshwater zooplankton have focused on the spatial scales, creating a void in 
knowledge related to temporal scale focused zooplankton dynamics. Furthermore, the timing of 
iterating biological and seasonal environmental events is changing on a global scale caused by 
increasing temperature and other climatic drivers. Accordingly, studies on phenology patterns of 
aquatic organisms in temperate ecosystems are important to identify driving forces affecting the 
community structures and thus population dynamics of zooplankton at various temporal scales. In this 
thesis, therefore, I focused on various aspects of temporal changes in the zooplankton community in 
Lake Hataya Ohnuma, a small mountain lake in Yamagata, Japan, to elucidate if the driving forces 
affecting the structure vary depending on temporal scales. 
 
In the 2nd chapter, I examined the temporal β-diversity of the zooplankton to examine how 
compositional changes in the community vary depending on time scales. The zooplankton community 
was monitored for nine years from 2008 to 2016 with monthly samplings. We estimated the inter-
annual, inter-seasonal, intra-seasonal, and inter-month β-diversity with the magnitude of sampling 
errors and examined relative contributions of these time scales on changes in the zooplankton 
community structure. The temporal β-diversity was high at the inter-seasonal scale than at the intra-
seasonal and inter-annual time scales, suggesting that taxonomic turnover in the zooplankton 
community was regulated by seasonally changing parameters such as water temperature. Indeed, the 
temporal β-diversity is related significantly to water temperature, although no significant relationship 
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was detected between the temporal β-diversity and chlorophyll-a concentrations. In addition, the large 
inter-month β-diversity with significant inter-annual β-diversity indicated that the phenology of the 
zooplankton community changed depending on years, especially before and after 2012. These results 
indicate that temporal β-diversity is a useful gauge for detecting phenological changes and quantifying 
plankton communities' temporal stability at various time scales. 
 
 In the 3rd chapter, I examined the temporal β -diversity of the zooplankton community in Lake 
Hataya Ohnuma if the relative importance of abiotic and biotic factors regulating the zooplankton 
community varies depending on the temporal scales. The analysis of temporal β-diversity at various 
temporal scales with environmental variables showed that water temperature was a prime factor 
regulating the inter-seasonal variations of the community structure, while algal food conditions were 
more important in the intra-seasonal variations. Algal food conditions were also important for the 
variation in the community structures in the same month but different years. Temporal dissimilarity in 
terms of body size tended to be larger in inter-annual scale than inter-seasonal scale, suggesting that 
predation pressure can be a factor explaining temporal variations of the zooplankton community over 
a single year. These results show that the relative importance between biotic and abiotic factors 
regulating the zooplankton community change depending on the temporal scales examined. 
 
 In the 4th chapter, I examined the pattern of temporal dynamics of the zooplankton community 
in Lake Hataya Ohnuma.  Specifically, I analyzed whether it exhibited synchrony or compensatory 
dynamics if the relative importance of these patterns changed depending on time scales and what 
abiotic and biotic factors contributed to these patterns. For these objects, I utilized a wavelet analysis 
and computed a wavelet modulus ratio to quantify synchrony and compensation dynamics among 
zooplankton species along with different time scales. Results revealed that patterns of synchrony and 
compensation varied according to the timescale focused. In Lake Hataya Ohnuma, the zooplankton 
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community exhibited compensatory dynamics at seasonal and sub-annual times scale during the 
stagnant period when water temperature variation was high, especially in years with low food 
conditions and low predation pressures by fish. The results showed that the wavelet analysis was useful 
to unveil the pattern of community dynamic and to identify its temporal scales intrinsic within plankton 
communities, which would often be hidden by a large difference in the temporal variations among 
zooplankton species.   
 
 In the last chapter, I examined a subset of the zooplankton community studied in the previous 
chapters to explore ecological mechanisms causing the species-specific difference in the temporal 
patterns. For this object, I examined the genetic composition of the rotifer community in lake Hataya 
Ohnuma and investigated whether genetically distant species occupy different temporal niche spaces 
or vice versa. I also examined the temporal niche similarity among the rotifer species and which 
environmental conditions might promote these covariances in species occurrences.  The analyses 
showed that phylogenetic distance among the rotifer species correlated significantly and positively 
with temporal niche overlap, suggesting that genetically similar species occupy different temporal 
niche spaces probably due to a result, or avoidance, of competitive interactions. A pair of rotifer species 
that showed significant niche segregations preferred different temperatures from each other, although 
these species generally showed a preference for similar food quantity and quality. The result implies 
that water temperature is an important prime factor determining patterns of temporal dynamics at the 
























































-diversity is defined as the compositional dissimilarity in species assemblages across space. It 
provides a direct link between biodiversity at local scales and the broader regional species pool 
(Whittaker 1972; Tuomisto 2010a; Anderson et al. 2011). Several studies have shown that there is 
often a positive relationship between community dissimilarity and geographical distance for various 
communities, including aquatic communities (Harte and Kinzig 1997; Nekola and White 1999; Tsujino 
et al. 2010; Declerck et al. 2011; Martiny et al. 2011). Similar to the patterns along with spatial scales, 
the abundances of individual taxa are temporally dynamic. Thus, we can define temporal -diversity 
as the compositional dissimilarity of a community at different time points (Magurran and Henderson 
2010; Tuomisto 2010b; Anderson et al. 2011; Legendre and Gauthier 2014; McGill et al. 2015; 
Legendre 2019). A high -diversity between two different time points indicates that the species in the 
community are largely different between these time points due to the appearance of many new species 
in the second time point and the disappearance of species from the first time point. Therefore, by 
examining temporal -diversity, the temporal scale of species turnover and the compositional change 
in a given community can be evaluated. As such, by examining temporal -diversity at various 
temporal scales, specific periods when the structure of a given community is largely changed may be 
identified or predicted.  
Long-term temporal variations in zooplankton communities have been studied in various lakes 
under different environmental conditions (Edmondson and Litt 1982; Straile and Adrian 2000; Villar-
Argaiz et al. 2001; Winder and Schindler 2004; Korhonen et al. 2010; Sommer et al. 2012). However, 
although these studies examined temporal trends in zooplankton community structure along with 
seasonal or yearly sequences, most did not consider how the seasonal community structure changes in 
different years and which seasons are most varied for these years. Thus, studies examining the 
magnitude of temporal changes in the zooplankton community structure in terms of temporal -
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diversity are limited.  A comparison of seasonal community structure between years can help in 
understanding what factors mediate changes in the community structure (Soininen 2010). In addition, 
evaluation of the temporal stability in community structures may provide an early warning that the 
community is disturbed (Magurran and Henderson 2010).   
In this study, the temporal -diversity of zooplankton at various temporal scales was examined, 
including inter-annual, intra- and inter-seasonal time scales in a small lake where monthly sampling 
was performed over nine years to identify which temporal scale was most varied. Using the temporal 
-diversity, I also analyzed if these temporal changes in the zooplankton community structure were 
related to some environmental parameters such as water temperature and algal abundance. Based on 
these results, the usefulness of the temporal -diversity for quantifying the temporal variability and 
detecting phenological changes in plankton communities were discussed. 
 
Methods 
Study site, sampling and data collection 
This study was performed at Lake Hataya Ohnuma (N 38° 14' 43.6", E 140° 12' 16.4"), a small 
mountain lake in Yamagata Prefecture, Japan. The lake is approximately 550 m above sea level and 
has a surface area of 19 ha with a maximum depth of about 8 m (Ohtsuki et al. 2015). The lake is 
dimictic and has an ice cover from late December to March, while during summer, the mean water 
temperature increases to about 28℃. In this area, annual precipitation is on average, 2086 mm, and 
most of the precipitation is recorded from late spring to early summer.  The lake has no inlet channel, 
impounds spring water and receives surface runoff from the watershed. There were no residents in the 
watershed except a country inn opened on the lakeshore in 1927. In 1975 a visitor's center and public 
campground were constructed near the lake when a public natural park, Yamagata Citizen’s Forest, 
was established in the area covering the watershed of Lake Hataya Ohnuma. According to Ohtsuki et 
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al. (2015), this lake was oligotrophic but became eutrophied in the past 60 years, but was mesotrophic 
during the present study. 
In this lake, zooplankton samples were collected in replicates at monthly intervals from June 
2008 to November 2016, except for inconsistent sampling intervals between December and April each 
year. At each sampling date, the vertical profile of water temperature was measured using a 
multiparameter sonde (600XLM; YSI). Then, lake water was collected and zooplankton from several 
depths depending on the vertical profiles of water temperature using a 1-m length tube sampler and a 
10-L Schindler-trap installed with a 67 µm mesh net, respectively.  Samples were collected from at 
least two different depths in the mixing period and at most seven depths from the bottom to surface 
when the thermocline was well developed.   
Aliquot of the lake water sample was concentrated onto a GF/F glass fiber filter for measuring 
the concentration of chlorophyll a (Chl-a).  In a laboratory, Chl-a on the filter was extracted by 90% 
acetone and measured spectrophotometrically with a fluorometer (10-AU; Turner Design), according 
to Strickland and Parsons (1972). In this study, the mean Chl-a concentration in samples collected from 
different depths in each date was used for analysis. The zooplankton collected at different depths were 
mixed and used to make vertically integrated samples.  In total, zooplankton in 70-100 L of the lake 
water per mixed sample was collected. After concentrating zooplankton using a 67 µm mesh net, the 
samples were fixed with 90% ethanol, placed in a cooler, and transferred to the laboratory. In the 
laboratory, the zooplankton samples were concentrated into 20 ml of 99% ethanol and stored until 
enumeration. Then, all the zooplankton individuals in 4% of each sample were identified at genus or 
species levels according to Reddy (1994), Dussart and Defaye (1995), Einsle (1996), Mizuno (1998), 
Ueda and Reid (2003), and enumerated using an Olympus U-TV1X-2 optical microscope. Copepodite 
stages of Cyclopoida, copepodite stages of Calanoida and nauplii stages of these copepods were treated 




Prior to the analyses below, the individual numbers of zooplankton taxa were log (n+1) transformed. 
The pairwise dissimilarity of the community structure was estimated for all combinations of two 
different dates among nine years using the Bray-Curtis index (Legendre and Legendre 2012; Lopes et 
al. 2019) based on individual numbers and was denoted as temporal b-diversity. To examine if the 
taxonomic turnover in the zooplankton community was due to quantitative changes in abundance of 
each taxon or qualitative changes such as appearance/disappearance of some taxa, I also estimated 
pairwise dissimilarity values by the Jaccard index using binary (presence/absence) data, which was 
denoted as temporal j-diversity. These dissimilarity values were described using matrix-based heat 
maps. Similarly, pairwise dissimilarities of water temperature and Chl-a were parameterized as 
absolute differences and estimated for all combinations of two different dates among the nine years. 
In this study, I defined inter-annual -diversity as the magnitude of compositional dissimilarity 
among different years (Years), inter-seasonal -diversity as that among seasons across years (Seasons), 
intra-seasonal -diversities as that among months within seasons  (Month/Season), and inter-month -
diversity as that among months across the nine years (Month).  For the inter-seasonal scale, months 
were categorized into four seasons as spring (March to May), summer (June to August), autumn 
(September to November), and winter (December to February).  To compare the magnitude of 
variations in the -diversity among different time scales, I estimated the total sum of squares of the -










2, and    
 𝑆𝑆𝑋 = 𝑆𝑆𝑇𝑜𝑡𝑎𝑙 − 𝑆𝑆𝑋𝑅                                     (eq.1),  
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where N is the total number of samples examined, X a temporal scale,  𝑛𝑋 number of samples in each 
group, and 𝜀𝑋 is a conditional coefficient for X such that if two different samples for estimating the 
temporal - diversity are obtained from the same group in a temporal scale, the coefficient is 0, 
otherwise it is 1.  Sum of squares of the intra-seasonal -diversity (Month/Season) and that of the inter-
month -diversity (Month) was estimated as follows. 
 𝑆𝑆𝑀𝑜𝑛𝑡ℎ/𝑆𝑒𝑎𝑠𝑜𝑛 = 𝑆𝑆𝑀𝑜𝑛𝑡ℎ − 𝑆𝑆𝑆𝑒𝑎𝑠𝑜𝑛, and  
 𝑆𝑆𝑀𝑜𝑛𝑡ℎ = 𝑆𝑆𝑇𝑜𝑡𝑎𝑙 − 𝑆𝑆𝑆𝑒𝑎𝑠𝑜𝑛−𝑆𝑆𝑀𝑜𝑛𝑡ℎ/𝑆𝑒𝑎𝑠𝑜𝑛 − 𝑆𝑆𝐷𝑎𝑡𝑒     (eq.2).  
In this equation, 𝑆𝑆𝐷𝑎𝑡𝑒  is the residual -diversity, which corresponds to the magnitude of sampling 
errors (i.e., -diversity between duplicate samples collected on the same date). Then, the percentage 
contribution of a temporal scale X to the total sum of squares of the -diversity (% cont) was calculated 
according to Legendre and De Cáceres (2013) as follows, 
           % cont for X= 
𝑆𝑆𝑋
𝑆𝑆𝑇𝑜𝑡𝑎𝑙
×100    (eq.3) 
Statistical significance of each temporal scale was examined by permutational multivariate analysis of 
variance (PERMANOVA, Anderson 2001; Anderson et al. 2006) for  with 999 permutations using 
adonis() in the package “vegan” (Oksanen et al. 2018) of R 3.5.1(R Core Team 2018).  
I also estimated the percentage contribution of a temporal scale X to the total sum of squares of 
the dissimilarity values in temperature and Chl-a using the same method. Since these environmental 
parameters were univariate, the absolute difference between two different dates were used as a measure 
of the dissimilarity. Since no replicate data was available of these parameters in each sampling date, 
“Month” was not included in the equation (2).  Thus, in this case, the residual corresponds to the 
magnitude of dissimilarities within the same months across different years. 
To examine the effects of these environmental variables on the zooplankton community structure, 
a multiple regression on distant matrices were performed for -diversity of the zooplankton community 
using the pairwise dissimilarities of temperature and Chl-a as independent parameters. The analysis 
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Zooplankton abundance and seasonal patterns 
A total of 29 taxa were identified throughout the study period, including eight genera, 18 species, and 
three developmental stages (copepodite stages of Cyclopoida, copepodite stagesof Calanoida and 
nauplii stages of these copepods) as shown in Table 2.S1. In addition, unknown species of two 
cladocerans and seven rotifers were found (Table 2.S1). As their abundance and occurrence were 
highly limited, these species were not identified. The taxon richness on specific sampling dates ranged 
from 7 to 24, with an average of 15 (Figure 2.1). However, a change in the level of species richness 
was observed in 2012. The species richness prior to 2012 had an average of 11.5 and a maximum of 
16, while after 2012, it was 18.2 on average with a maximum of 24. 
Among the zooplankton, large zooplankton such as Holopedium gibberum, Daphnia spp., 
Diaphanosoma cf. amurensis, and Eodiaptomus japonicus frequently occurred during most of seasons 
throughout the years (Figure 2.2). During the nine sampling years, most of these taxa appeared 
abundantly, especially after 2012.  For other zooplankton taxa, individual abundance and frequency of 
appearance were limited seasonally. However, they showed regular seasonal patterns throughout the 
sampling period. For example, Thermocyclops crassus occurred in autumn while Cyclops kikuchii 
occurred mainly early spring and late autumn.  Ploesoma sp. occurred in the early summer to early 
autumn and Filinia longiseta in the late autumn to mid-spring (Figure 2.2). Asplanchna priodonta, 
Keratella cochlearis, and Polyarthra vulgaris were observed frequently throughout the year, but their 
appearance periods varied among the years. Ceriodaphnia quadrangular, Scapholebris kingi, 
Simocephalus vetulus, Kellicottia bostoniensis, Brachionus urceolaris, and several unidentified 
cladoceran and rotifer species appeared more frequently after 2012 compared to before 2012. 
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Total zooplankton abundance in terms of individual numbers showed different temporal patterns 
among the years. It was generally high in May, August, September, and November (Spring and 
Autumn) and low in December, February and April (Winter and early spring) (Figure 2.2). The highest 
zooplankton abundance in number during the nine years was recorded in August 2015, when copepod 
nauplii, Trichocerca sp., Diaphanosoma cf. amurensis, and Bosmina longirostris abundantly appeared.  
 
Variations of temperature and Chl-a concentration 
Water temperature showed relatively uniform seasonal variation throughout the years, with 
peaks of ~25 ℃ generally in late summer (Figure 2.3). The lowest temperature was always recorded 
in winter months. Seasonality of Chl-a concentration differed somewhat among the years. Summer 
peak in Chl-a concentration was found in many years, but the highest concentration was often found 
at late fall in some years, such as 2008 and 2009.  Throughout the nine years, comparatively high 
levels of Chl-a concentrations were recorded during the summer in 2014 and 2016 (Figure 2.3).    
 
Temporal -diversity of the zooplankton community 
Temporal b-diversity and j-diversity of the zooplankton community showed large variations 
but were similar to each other, as shown by the heat maps among the sampling dates (Figure 2.4a, b).  
In both of the b-diversity and j-diversity, the heat map showed relatively low values in years after 
2012 compared with those before 2012, indicating a phase change in the zooplankton community 
before and after 2012.  Throughout the study period, there were no combinations of two sampling dates 
having completely different or completely identical community structures. However, temporally 
unique community structures were observed in early spring compared to those in other seasons, as 
shown by high values of the b- diversity and j-diversity estimated between April and other months 
in all the years.   
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To examine the effects of different temporal scales on temporal b-diversity, a PERMANOVA 
was performed using Year, Season/Year, Month/Season and Month as explanatory variables. It showed 
that the temporal b-diversity differed significantly not only among different months across years 
(inter-month), among months within seasons (intra-seasonal), and among seasons (inter-seasonal) but 
also among different years (inter-annual) (Table 2.1).  To the total sum of squares of the temporal b -
diversity, contribution of inter-month scale was the largest among the temporal scales examined and 
composed 50.1% of the total variations in the b -diversity (Figure 2.5).  Contribution of the intra-
seasonal, inter-seasonal, and inter-annual time scales were also substantial and explained 15.1%, 24.8%, 
and 16.7 % of the total variations in the temporal b-diversity, respectively. Residuals of these that 
corresponded to the variations between samples collected on the same date was small and explained 
only 1.8 % of the total sum of squares.   
Contributions of the temporal scales to the total sum of squares of temporal j-diversity showed 
somewhat different patterns compared to those of the temporal b-diversity (Figure 2.5). In the 
temporal j-diversity, the contribution of the intra-seasonal time scale to the total sum of squares was 
much lower than that of the inter-seasonal time scale.   In addition, the contribution of the inter-annual 
time scale to the total sum of squares of the j-diversity was as high as that of the inter-seasonal time 
scale. 
 
Environmental heterogeneity  
To compare the temporal -diversity of zooplankton with environmental changes, I analyzed the 
pairwise dissimilarities of temperature and Chl-a in different temporal scales between two different 
dates. The PERMANOVA showed that the dissimilarity of water temperature differed significantly 
among months within seasons and among seasons, and among different years (Table 2.2). The 
percentage contributions of these temporal scales to the total sum of squares of the pairwise 
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dissimilarity of water temperature was higher for the inter-seasonal scale than the inter-annual scale 
(Figure 2.6). The residual of this analysis was small, indicating that water temperature in a month was 
similar between different years. 
Similar to the pairwise dissimilarity of water temperature and the -diversity of zooplankton, the 
pairwise dissimilarity of Chl-a concentration differed significantly among months within and among 
seasons. However, it was not significant among different years.  As the -diversity of zooplankton, 
large parts of the temporal dissimilarity of Chl-a concentration was attributable to the residuals, 
indicating that Chl-a concentration in a month differed largely among different years (Figure 2.6).  
To examine the effects of the temporal dissimilarity of water temperature and Chl-a 
concentration on the temporal  diversity of zooplankton, a multiple regression analysis on distant 
matrices was performed (Table 2.3). It showed a significant positive effect of temperature dissimilarity 
on both the b-diversity and j-diversity diversity, although the coefficient of determination was 
relatively small in both the cases (R2 <0.130).  However, no significant relationship was detected 
between the temporal -diversity and temporal dissimilarity of Chl-a concentration. 
 
Discussion 
The temporal b-diversity measured by Bray-Curtis pairwise dissimilarities showed that taxonomic 
turnover was higher among months across the nine-year study period compared with those within and 
among seasons, and among different years in Lake Hataya Ohnuma. Similar results were obtained in 
temporal j-diversity estimated by the Jaccard index. These results indicate that changes in the 
zooplankton community structure occurred in different seasons or months, depending on years. 
According to a review by Rosenzweig (1995), the trends in temporal turnover of species are mostly 
driven by the sampling effects or artifacts at short time scales because, in general, it takes a substantial 
time for any biological or environmental factor to induce detectable changes in the community structure. 
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However, in this study, compositional variations between duplicate samples collected on the same date 
were very small compared to those among months, seasons, and years.  Moreover, as discussed by 
Soininen 2010 for short-lived organisms, such as zooplankton, the sampling effect may influence 
species turnover in a short time scale of only several days. As our sampling time interval was generally 
30 days apart, the large values for the temporal -diversity among months cannot be attributable to 
artifacts caused by sampling effects. Instead, long-term changes in environment, which seem to cause 
the appearance of species more or less temporally patchy, which would result in promoting temporal 
turnover of taxon compositions in plankton communities as shown in previous studies (e.g., Kerfoot 
and DeAngelis 1989; White et al. 2006; Shurin et al. 2007, 2010).  
Following contribution by the inter-month scale across years, taxonomic turnover was higher at 
the inter-seasonal scale compared with intra-seasonal and inter-annual scales. The result suggests that 
the zooplankton community in Lake Hataya Ohnuma change the composition regularly according to 
seasons. Note that, differing to the b-diversity, contribution of intra-seasonal scale was lower, and 
inter-annual scale was higher in j-diversity. The result implies that taxonomic composition was less 
changed within seasons but among years compared with their relative abundances.  Among 
environmental factors, water temperature (Vadadi-Fülöp et al. 2012; Carter et al. 2017) and food 
abundance (George and Edwards 1974; Urabe 1990; Rothhaupt and Lampert 1992; Primo et al. 2009) 
have been proposed as major factors affecting zooplankton community structures.  Similar to the -
diversity of zooplankton, dissimilarity of water temperature was larger among the seasons compared 
to those within seasons and among years, suggesting that water temperature plays a role in the 
phenology of zooplankton community in this lake. Supporting to this inference, indeed, both the b-
diversity and j-diversity were significantly related to the pairwise dissimilarity of water temperature. 
Differed to the water temperature, Chl-a concentration changed largely among months regardless of 
seasons over the years, as shown by the substantial contribution of the residual to the total sum of 
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squares of the dissimilarity in Chl-a concentrations. Such a pattern in the variation of Chl-a 
concentration accorded with those in the b-diversity and j-diversity of zooplankton.  However, any 
of the -diversity of zooplankton did not relate to the dissimilarity of Chl-a concentrations. The result 
suggests that food abundance was a less critical factor causing changes in the zooplankton community 
structure in Lake Hataya Ohnuma compared to water temperature. 
This study revealed that the magnitude of temporal turnover in the zooplankton community 
structure at the annual time scale was comparable to that at the inter-seasonal time scale, as evidenced 
by similarity in the percentage contribution to the total sum of squares of the -diversity between these 
time scales. The result indicates that the zooplankton community structure in Lake Hataya Ohnuma 
was not the same, even in the annual average and continually changed over the nine-year study period.  
Several studies examining long-term changes in zooplankton communities have described gradual 
changes in zooplankton communities over the years (George and Harris 1985; Roemmich and 
McGowan 1995; De Stasio et al. 1996; Adrian et al. 2006; Hsieh et al. 2011). They suggest that climatic 
changes caused by putative warming play roles in causing such temporal changes. However, during 
the nine-year study period, I did not find a gradual increase in water temperature in Lake Hataya 
Ohnuma. Indeed, pairwise dissimilarity of water temperature was very limited among different years 
compared to the temporal -diversity of the zooplankton community. These results indicate that the 
inter-annual differences in the zooplankton community structure cannot be explained by putative 
climate change.  
The heat map of temporal b-diversity visually showed that changes in the zooplankton 
community structure occurred somewhat abruptly in 2012. Such a unique pattern was also detected in 
the temporal j-diversity. Thus, the changes in the community structure during the nine years 
accompanied changes in the relative abundance of zooplankton taxa and the taxonomic composition 
itself. Indeed, taxon richness increased in 2012 and kept relatively high numbers after that.  In addition, 
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after 2012, zooplankton taxa such as Daphnia spp., Diaphanosoma cf. amurensis, and Eodiaptomus 
japonicus appeared abundantly in the majority of seasons while abundances of small zooplankton, like 
Filinia longiseta and Ploesoma sp., were consistently limited regardless of seasons although these 
appeared continually.  In general, planktivorous fish prey preferentially on zooplankton taxa with large 
body sizes (Brooks and Dodson 1965; Hall et al. 1976; Zaret 1980; Lazzaro 1987). In addition, a 
number of studies had shown that small zooplankton taxa like rotifers cannot increase their abundances 
when Daphnia and diaptomid copepods were dominated because of their inferiority in competitive 
interactions and vulnerability to grazing activities by large zooplankton (Urabe 1990, 1992; Gilbert 
1988). In this lake, several fish species are found, including crucian carp (Carassius auratus), 
largemouth bass (Micropterus salmoides) and bluegill (Lepomis macrochirus).  The annual changes in 
abundance of these fish were not examined. However, the increase in abundance levels of large 
zooplankton from mid-2012 to 2014 suggest a possibility that the zooplankton community might be 
somewhat relieved from the predation pressure due to a decline in fish populations, which, in turn, may 
have resulted in depressing the abundance of zooplankton taxa of small body sizes through antagonistic 
interactions with those of large body sizes. 
The heat maps of both the b-diversity and j-diversity also showed that the zooplankton 
community exhibited temporally unique assemblages in April most years, suggesting that an 
environmental condition for zooplankton in this month is somewhat different from other seasons 
(Tonkin et al. 2017).  April corresponds to a transient period from a harsh environment covered by ice 
and snow in winter to a mild environment with open water in spring. The rapid increase in solar 
radiation and water temperature in this season increases primary production (De Senerpont Domis et 
al. 2013; Rasconi et al. 2015, 2017), indicating that thermal food environmental food conditions for 
zooplankton rapidly changes in spring. During this period, most species likely start to develop new 
populations at various degrees from a few overwintering individuals or individuals hatched from 
resting eggs stored in the lake bottom (Sommer et al. 2012). Such a dynamic response of zooplankton 
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species to rapid environmental changes may have made the zooplankton community unique in April 
every year. Another possibility for high -diversity in this month is merely a result of drift that is often 
effective in small communities (Hubbell 2001).   When the total individual number in a community is 
limited, ecological drift can often override selection by environmental conditions in determining the 
community structure (Adler et al. 2007; Siqueira et al. 2019). Accordingly, community structure in 
Lake Hataya Ohnuma may have been unique and varied in winter to early spring every year.  In either 
case, this study showed that winter to early spring is the season that the zooplankton community 
structure is the least predictable.  
 In summary, the present analyses of the temporal -diversity showed that taxonomic turnover 
occurred in the zooplankton community at various temporal scales throughout the nine-year study 
period in Lake Hataya Ohnuma. Among the temporal scales examined, dissimilarity of the zooplankton 
community structures was highest at inter-month scales across years, indicating that although the 
zooplankton community structure changed temporally within and among seasons every year due to 
seasonal changes in environmental conditions such as water temperature, the phenology of the 
zooplankton community varied depending on years. Such an annual instability in the phenology was 
not explained by neither food conditions nor water temperature, and thus may have been related to 
annual changes in other factors such as predation pressure by fish.  As such, temporal -diversity is a 
useful gauge for detecting phenological changes and quantifying the temporal stability of plankton 
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Table 2.1. Results of PERMANOVA showing mean squares and F statistics for the temporal b-
diversity and temporal j-diversity at various temporal scales. 
 
   b-diversity  j-diversity 
Temporal scales   (Bray-Curtis index)  (Jaccard index) 
 df  MS F  MS F 
Inter-annual 8  0.36 61.5*  0.51 77.4* 
Inter-season 3  1.44 243.9*  1.55 235.6* 
Intra-season 6  0.44 74.4*  0.26 39.9* 
Inter-month 60  0.12 20.4*  0.13 20.5* 
Residuals 55  0.005   0.006  
               
*…… Significant at p < 0.001 
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Table 2.2. Results of PERMANOVA showing mean squares and F statistics for dissimilarities of 
water temperature and chlorophyll-a concentration at various temporal scales. 
 




 df  MS F  MS F 
Inter-annual 8  12.02 4.48*  78.71 1.99 
Inter-season 3  682.47 254.79*  106.72 2.70* 
Intra-season 6  161.48 60.28*  105.71 2.67* 
Residuals 60  2.68   39.45  
               
*…… Significant at p < 0.05 
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Table 2.3. Results of multiple regression analysis with distance matrices for the b-diversity and  j-
diversity showing regression coefficients of the dissimilarity distances of environmental factors 
between two sampling dates and the coefficients of determinations (R2). 
 
 b-diversity j-diversity 




Intercept 0.430 0.437 
Dissimilarity of water temperature  0.008* 0.010* 
Dissimilarity of Chl-a concentration -0.0002 -0.002 
   
R2 0.123* 0.126* 
















Table 2.S1. List showing species or genus of zooplankton appeared during the nine-year study period 











cladocera unidentified 1 









Copepodid stages of cyclopoids 



















rotifer unidentified 1 
rotifer unidentified 2 
rotifer unidentified 3 
rotifer unidentified 4 
rotifer unidentified 5 
rotifer unidentified 6 

























Figure 2.1. Monthly and annual changes in taxon richness of the zooplankton community in Lake 










Figure 2.2. Monthly and annual changes in log transformed individual numbers per liter of total zooplankton (a), Daphnia spp. (b), Bosmina 
longirostris (c), Diaphanosoma cf. amurensis (d), Holopedium gibberum (e), Eodiaptomus japonicus (f), Thermocyclops crassus (g), Cyclops 
kikuchii (h), Filinia longiseta (i)  and Ploesoma sp.  (j). No point is shown for the months with no data. 
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Figure 2.3.  Monthly and annual changes in water temperature℃ (a) and Chlorophyll-a content 





















Figure 2.4. Heat maps of temporal b-diversity (Bray-Curtis index: a) and j-diversity (Jaccard 
index: b) for pairwise sampling dates from 2008-2016. Warmer colors (red) represent higher 
values while cooler colors (blue) represent lower values. The dark blue diagonals represent the 
same sampling date (zero dissimilarity).  The vertical black bars represent the right margin of 










Figure 2.5.  Percentage contributions of different time scales to the total sums of squares of 








 Figure 2.6.  Percentage contributions of different temporal scales to the total sums of squares of 





























Chapter III. Temporal-scale dependency of environmental factors regulating the 




































A variety of environmental factors including water temperature (Kessler and Lampert 2004; 
Berger et al. 2006; Havens et al. 2015; Šorf et al. 2015; Evans et al. 2020, Perera et al. 2021), food 
conditions (Rogers et al. 2020) and predation (Ersoy et al. 2019; Liu et al. 2020) are known to 
affect species compositions and community structures of zooplankton. However, the relative 
importance of these biotic and abiotic factors may change depending on the time scale examined. 
For example, the water temperature may be a pivotal factor causing seasonal changes in the 
community structure but less important in the intra-seasonal time scale because the magnitude of 
temperature changes is much limited within a season compared to across seasons (Hampton and 
Schindler 2006). Contrastingly, the predation effect by fish may be a dominant factor causing an 
inter-year difference in the structure since the abundance of fish likely changes over several years 
due to their longer lifespans. In addition, food condition may be more important for temporal 
changes in the structure within seasonal time scales because the composition and abundance of 
algae, an important food source for zooplankton, can change rapidly and largely in daily to weekly 
scales due to the shorter life spans (Vanni 1987; Havens and Beaver 2013; Gabaldón et al. 2019).  
On a discrete temporal scale, such as between the same months in different years, predation and 
food abundance may be more important, causing changes in the community structure than 
temperature since the temperature is usually similar between these two-time points. However, no 
studies have yet explicitly examined the idea that the relative importance among these factors 
change depending on temporal scales focused. 
In our previous study (Perera et al. 2021), I examined the temporal variations of the 
zooplankton community in a small mountain lake and found that the variations were high at the 
inter-seasonal scale than at the intra-seasonal and inter-annual temporal scales, suggesting that 
taxonomic turnover in the zooplankton community was regulated by seasonally changing 
parameters such as water temperature. However, we did not examine if the relative importance 
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between biotic and abiotic variables as factors regulating the zooplankton community differed 
among different temporal scales. In this study, therefore, I re-analyzed zooplankton data in the 
previous study (Perera et al. 2021) together with some environmental variables and tested if the 
dominant factors causing the temporal difference in the community structure change depending on 
different temporal scales. Specifically, we used the temporal -diversity of the zooplankton 
community to quantify the difference in the community structure between two time-points and 
examined how this metric was related to the temporal difference in water temperature, food 
abundance and quality. The food abundance and quality for zooplankton were assessed using 
relative algal abundance and seston nutrient contents (Boersma et al. 2001; Hessen et al. 2005; 
Hessen 2006). To assess the potential impacts of predation pressures, we also measured temporal 
dissimilarity of mean body size of the zooplankton community since zooplanktivores, including 




Sampling and data collection 
Zooplankton were collected from Lake Hataya Ohnuma (N 38° 14' 43.6", E 140° 12' 16.4"), a 
small mountain lake in Yamagata Prefecture, Japan. Sampling was performed described elsewhere 
(Chapter II and Perera et al. 2021). 
Before the zooplankton was sampled, the vertical profile of water temperature was measured 
by the multiparameter sonde (600XLM; YSI). Integrated water samples were collected from the 
bottom to the surface by repeated deployments of a tube sampler with a 5-cm diameter and 1.2-m 
length. Aliquots of the lake water were filtered onto a total of four Whatman GF/F filters under 
low pressure. Two filters were used to measure chlorophyll-a concentrations (Chl-a) and the 
remaining two for seston phosphorus concentrations (SesP). The aliquots of the water samples 
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were used to measure the total nitrogen concentrations (TN). Chl- a was fluorometrically measured 
according to Strickland and Parsons (1972). SesP and TN were analyzed according to a protocol 
by APHA (1998) and using a total nitrogen analyzer (multi N/C 3100, Analytic Jena), respectively. 
The mean water temperature (WT) was calculated from the vertical profile of water temperature. 
As a proxy of predation pressure, the average of individual dry weight as a mean body size 
at each sampling date was calculated. For these estimations, the dry weight data of each taxon that 
appeared in the lake was collected from the lists in  McCauley (1984), Kawabata and Urabe (1998) 
and Bottrell et al. (1976). Then, the mean zooplankton body size (MBS) at time t was calculated 
as follows:  
MBSt =  (BSi x Ni, t) /  Ni, t       (eq. 1), 
where BSi is the average body size of zooplankton species (or genus) i and Ni,t individual number 
of species i at time t.   
 
Data analyses with statistical tests 
Following four temporal scales were defined in the analysis: inter-annual time scale (Inter-A), 
inter-seasonal time scale (Inter-S), intra-seasonal time scale (Intra-S) and the across-year month 
scales (Specific-M) (Figure 3.1). Months were categorized into four seasons; spring (March to 
May), summer (June to August), autumn (September to November), and winter (December to 
February).  
For estimating numerical-based -diversity, the mean individual count in replicate samples 
was estimated for each of zooplankton taxa, and log(n+1) transformed to stabilize the variances. 
Then, the pairwise dissimilarity of the zooplankton composition was estimated for all combinations 
of two different sampling dates for nine years using the Bray-Curtis index (Legendre P and 
Legendre L 2012). This value was denoted as temporal b-diversity. The pairwise dissimilarity 
using the Jaccard index was also computed based on incidence (presence/absence) data and 
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denoted it as temporal j-diversity. These two different metrics were used to assess the effects of 
relative abundance of a specific species and those of different species' appearance on the temporal 
changes in the community separately. The absolute difference in the log-transformed MBS 
between two-time points was computed and used as temporal -diversity in terms of the 
zooplankton body size (∆MBS). Similarly, the Euclidean difference in the log-transformed 
environmental variable between the two-time points was used as a dissimilarity metric of the 
environmental variable. 
The statistical differences in the means and variance of the temporal b- and j-diversity 
indices and ∆MBS between the different temporal scales was tested by examining the null 
hypotheses that the mean and variance of the different temporal scales were derived from the same 
statistical populations. This hypothesis was tested using a randomization test. First the difference 
of the mean values between time scale 1 (n = X1) and time scale 2 (n = X2) was estimated as an 
observed value. Then, the data of these two timescales (n = X1 + X2) were pooled and X1 data was 
randomly selected from the pooled data without repetition for the first group.  The remaining data 
were used for the data of the second group. Next, the difference in the mean values between these 
two generated groups was estimated. This procedure was repeated for 1999 times. Finally, if the 
observed difference between the mean values was < 2.5 or >97.5 % of the generated values, it was 
concluded that the mean value differed significantly between the two different temporal scales. 
The same test was done for variance estimates. 
I analyzed the relative importance among WT and proxy variables of food or nutritional 
conditions (Chl-a, SesP, and TN) as factors causing a difference in the community structure using 
a linear model (LM). In this analysis, temporal b-diversity (dissimilarity of community 
structure), j-diversity (dissimilarity of species composition) and ∆ MBS was used as dependent 
variables. To perform the analysis, dissimilarity values were picked up between the two-time 
points for each of the dependent and independent variables corresponding to a given temporal scale 
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(Figure 3.1). For example, all the dissimilarity values for the inter-annual temporal scale were used 
, while only dissimilarity values estimated between the two-time points within the same seasons 
were used for the intra-season temporal scale. Since similarity values were estimated by paired 
combinations from the same data set, conventional statistical tests could not be used (Legendre P 
and Legendre L 2012). Therefore, a permutation t-test with 1999 repetitions were performed  for 
the regression coefficients of LMs.  If the observed estimate of the regression coefficient was larger 
than 95% of the generated estimates, it was judged that the effect was significant.  These analyses 
were done with the aid of statistical package R 3.6.1 (R Core Team 2019).   
 
 Results 
Temporal variations of the environmental variables 
Seasonal and annual patterns differed among water temperature (WT), and seston P (SesP), total 
nitrogen (TN) and chlorophyll-a concentrations (Chl-a) (Figure 3.S1). WT had a uniform seasonal 
variation every year, with peaks of ~ 25 °C in late summer and was lowest in winter months. 
Accordingly, the difference in the absolute value of WT between the two-time points in the inter-
seasonal scales showed similar distribution patterns to that in the inter-annual, and its range was 
larger than that in the intra-seasonal scale (Figure 3.2). In WT, the variation of the absolute 
difference in the month-specific time scale was much smaller than those in the other time scales 
for any variables, indicating that WT variation was limited within the same months among different 
years compared to that among different months within the same years. TN tended to decrease in 
summer in most years and showed relatively high values in 2013 regardless of seasons. Chl-a 
showed summer peaks except for 2008 and 2009 when it peaked in late fall and was generally low 
in winter months. SesP showed no regular seasonal variations and tended to increase throughout 
the study period, especially after 2013. However, the difference in the absolute values between the 
two-time points showed similar distribution patterns between the inter-annual and inter-seasonal 
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time scales (Figure 3.2). Differed to WT, the variation of the absolute difference in the month-
specific time scale was larger than that in the intra-seasonal time scales and equivalent to that in 
the inter-seasonal time scale in these variables, indicating that variations of TN, SesP, and Chl-a 
among the same months but different years were as larger as those among different months within 
years. 
 
Temporal dynamics of zooplankton 
A total of 29 taxa were identified throughout the study period, including 14 taxa of rotifers, 7 taxa 
of cladocerans, 5 taxa and three developmental stages of copepods (copepodite stages 1–5 of 
Cyclopoida, copepodite stages 1–5 of Calanoida, and nauplii stages of these copepods). 
Additionally, 2 species of cladocerans and 8 species of rotifers appeared but were treated as 
unidentified species since it was difficult to determine the genus based on their morphologies and 
since their abundance and occurrence were limited. Taxon richness varied seasonally, increased 
toward summer in most years, and decreased in winter months. Across years, it increased after 
2012 mainly due to an increase in the number of rotifer taxa. (Figure 3.3a). Total zooplankton 
abundance in terms of individual numbers showed different seasonal patterns among the years 
(Figure 3.3b). For example, although zooplankton abundance was limited in the winter months, it 
showed a clear summer peak in 2008 and 2009 and was high throughout summer in 2012. 
However, the zooplankton abundance rather decreased once in early summer and tended to peak 
in fall in the rest of the years.  
The mean body size in the community (MBS) also varied largely and showed no consistent 
seasonal pattern among the years (Figure 3.3c). For example, it peaked in summer in 2011 and 
2014, but rather decreased in summer and increased in fall in the rest of the years. Across years, 
MBS was generally smaller in 2010, 2011, 2015 and 2016 than in the other years. To examine if 
variations in the MBS differed among different temporal scales, -diversity in terms of the body 
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size, i.e., the temporal dissimilarity of the MBS (∆MBS), between two-time points was estimated 
and compared it’s mean and variance among the different temporal scales (Figure 3.4, Table 3.1). 
The mean ∆MBS was marginally larger in the inter-annual time scale than the inter-seasonal time 
scale, although the mean and variance were similar between the inter-seasonal and intra-seasonal 
temporal scales (Table 3.2). In addition, the mean and variance of ∆MBS were significantly smaller 
in the across-year month scale than in the inter-annual and inter-seasonal scales. 
Temporal b-diversity and j-diversity of the zooplankton community also showed large 
variations. In the temporal b-diversity, more than 80% of the inter-annual scale variation fell in 
the range from 0.2 to 0.8 (Figure 3.4). The same pattern was observed for the variations in the 
inter- and intra-seasonal scales (Table 3.1), although the mean b-diversity was significantly lower 
in these scales than in the inter-annual scale (Table 3.2). In addition, the mean b-diversity was 
significantly lower in the intra-seasonal than the inter-seasonal scales. Compared to these temporal 
scales, the b-diversity variance in the across-year month scale fell in narrower ranges with a lower 
mean. The same trends were also found in the temporal j-diversity (Figure 3.4), although the j-
diversity variance was significantly larger in the inter-seasonal scale compared with inter-annual 
and intra-seasonal scales (Table 3.1, Table 3.2) 
 
Effects of environmental factors on ZP communities 
To examine which environmental factors affected the temporal -diversity indices and ∆MBS in 
different temporal scales, LM analysis was performed using dissimilarity values of WT, SesP, TN 
and Chl-a as independent variables selected for the inter-annual scale (Inter-A), inter-seasonal 
scale (Inter-S), intra-seasonal scale (Intra-S) and across-year month scale (Specific-M) (Figure 
3.1). The results showed that environmental factors affecting the -diversity indices and ∆MBS 
differed among the different temporal scales (Table 3.3). In the inter-annual scales, WT affected 
significantly on both -diversity indices. In this temporal scale, the b-diversity was also related 
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significantly with Chl-a and the j-diversity with TN. However, ∆MBS was affected by none of 
the independent variables examined. In the inter-seasonal temporal scale, both -diversity indices 
were related to WT, while ∆MBS was not related to any independent variables. In the intra-
seasonal scale, b-diversity was related to SesP, while no significant relationships were detected 
between j-diversity and any of the independent variables. In this time scale, ∆MBS was 
significantly related to WT and SesP. In the across-year month scale, WT and SesP significantly 
affected both of the -diversity indices. In addition, Chl-a affected the b-diversity. In this time 
scale, ∆MBS was significantly related to WT (Table 3.3).  
 
Discussion 
Since zooplankton abundances are quantified relatively easily using simple sampling gears 
(Downing and Rigler 1984; Wetzel and Likens 2013), many studies have examined factors 
regulating the zooplankton community structures. These studies have shown that temperature 
(Kessler and Lampert 2004; Berger et al. 2006; Havens et al. 2015; Šorf et al. 2015; Evans et al. 
2020), food condition (Rogers et al. 2020) and predation (Lynch 1979; Vanni 1987; Liu et al. 2020) 
are the three pivotal factors affecting community structures. However, only limited studies have 
examined if the relative importance among these factors changes depending on temporal scales 
within a single lake (e.g., Hampton & Schindler 2006; Gabaldón et al. 2019). Hampton and 
Schindler (2006) showed that the relative importance of abiotic factors such as water temperature 
depends on whether specific seasons such as winter were included in the data set. Similarly, 
Gabaldón et al. (2019) showed that water temperature is a major factor affecting directly or 
indirectly the temporal dynamics of a zooplankton community among seasons, while biological 
interactions are more important for the temporal change within seasons. However, our knowledge 
has been still limited to clarify how much the structure of a zooplankton community varied 
depending on time scales and which factors affect these variations in different time scales.  
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The present results showed that the temporal variation in the community structure and 
species composition of zooplankton in a small mountain lake tended to increase with increasing 
the temporal scales. In addition, both b-diversity and j-diversity correlated significantly with the 
dissimilarity of WT at the inter-seasonal scale, but not the intra-seasonal scale. In the latter scale, 
the temporal b-diversity correlated significantly with Ses P concentration, which is known to 
relate with algal abundance (Hecky et al. 1993; Hessen 2006)  and nutritional quality (Boersma et 
al. 2001; Hessen et al. 2005). These results are congruent with our expectation stated in the 
introduction and the finding by Gabaldón et al. (2019) that water temperature is the most important 
factor causing structural variations of zooplankton communities over seasons, while biological 
factors are more important in shorter time scales. In the inter-annual scale, the temporal -diversity 
indices were related significantly to not only WT but also to Chl-a or TN concentrations.  The 
results suggest that in addition to temperature, food conditions also play a role in regulating the 
zooplankton community structure in temporal scales longer than single years.  
In addition to the water temperature, the algal succession and production in a lake change 
depending on the timing and amount of nutrient loading from the watershed, which, in turn, is 
affected by meteorological conditions. In general, meteorological variables such as precipitation 
and air temperature vary annually, even in the same seasons. Such a difference in the 
meteorological conditions may have caused long-term variations in the zooplankton community 
through changes in algal food conditions in addition to temperature. Supporting this inference, 
studies showed that changes in zooplankton community structures were related to meteorological 
conditions (Straile and Adrian 2000; Gyllström et al. 2005; Hsieh et al. 2011). 
In this study, MBS was examined, since the body size is an important trait (Litchman et al. 
2013), covering various ecological and physiological characteristics of zooplankton taxa, including 
the edible food size (Lampert and Sommer 2007), metabolic rate (Ikeda 1985; Gillooly 2001), 
competitive ability (Hall et al. 1976; Gliwicz 1990) and vulnerability to predations by various 
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predators (Lynch 1979; Zaret 1980; Vanni 1987; Liu et al. 2020). In contrast to the temporal -
diversity indices, no significant difference was detected both in mean and variance of ∆MBS 
among the inter-annual, inter-seasonal and intra-seasonal temporal scales, indicating that the 
magnitude of variation in MBS is independent of temporal -scale. Moreover, ∆MBS was correlated 
with neither WT nor environmental parameters related to food conditions in the inter-annual and 
inter-seasonal scales. The result suggests that although optimal temperature for population growth 
may differ among zooplankton taxa, neither given temperatures nor food conditions favor species 
with specific body sizes in temporal scales longer than across seasons. Alternatively, effects of 
temperature and food conditions on the temporal changes in the mean body size may have been 
overridden by effects of other factors such as size-selective predation by long-lived animals like 
fish. In Lake Hataya Ohnuma, several fish species, including common carp (Cyprinus carpio), 
crucian carp (Carassius cuvieri), pond smelt (Hypomesus nipponensis) and largemouth bass 
(Micropterus salmoides), were distributed (Ohtsuki et al. 2015). Since these fish' generation times 
are longer than a year, abundance levels of these fish would change over a time scale longer than 
a single year. Thus, fish abundance likely differed depending on years. Since visual predators such 
as planktivorous fish prey on preferentially larger zooplankton size (Zaret 1980; Lampert and 
Sommer 2007), zooplankton taxa with smaller sizes are generally favored in years when fish are 
abundant but not when fish are less abundant, as shown in some lakes (Vanni 1987; Leavitt 1989; 
Mihuc 2012). In accord with these findings, ∆MBS was marginally larger in inter-annual than 
inter-seasonal time scales. In addition, the level of MBS differed depending on years in Lake 
Hataya Ohnuma. For example, MBS was relatively large from 2012 to 2014 while it decreased to 
a smaller level in the following two years. This circumstantial evidence is congruent with our 
expectation that effects of predation pressure by fish are lasting over a single year. However, to 
confirm this possibility, long-term data on fish abundance is necessary. 
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In the intra-seasonal temporal scale, ∆MBS was significantly correlated with the 
dissimilarity of WT and a variable related to food conditions (i.e., SesP). This significant 
correlation implies that larger or smaller zooplankton species were selected in different periods 
within seasons depending on WT. One may suspect that this pattern is caused by short-lived 
invertebrate predators such as carnivore copepods and Chaoborus since they are known to prey 
preferentially on small zooplankton species (Lapesa 2002; Brandl 2005; Zhang et al. 2017) and 
their feeding activities likely changes depending on water temperature.  However, copepod 
abundance varied across seasons rather than within seasons (Figure 3.3). In Lake Hataya 
Ohnuma, Chaoborus appeared in warm water seasons (Urabe personal observation). Thus, if the 
correlation between ∆MBS and dissimilarity of WT was caused indirectly by changes in the 
abundance of the short-lived predators, the significant correlation of ∆MBS to the dissimilarity of 
WT should be found at inter-seasonal temporal scales. However, a significant relationship could 
not be found between these on that temporal scale. Rather, the significant correlation of ∆MBS to 
the dissimilarity of WT in the intra-seasonal scale may have been caused by the difference in the 
population growth rates among zooplankton taxa with different body sizes. In general, for 
zooplankton taxa with smaller body size, the population growth rate is higher and more sensitive 
to water temperature changes (Allan 1976). Accordingly, the WT may have caused the difference 
in the MBS between the two-time points within seasons. 
Initially, it was expected that if the zooplankton community shows a regular phenology every 
year, temporal -diversity between the same months but different years (Specific-M) should be 
smaller and less varied than those in the other temporal scales. Indeed, the mean and variance of b-
diversity, but not j-diversity, in the across-year month scale was smaller than those in the inter-
annual and inter-seasonal scales, although these were the same level as those in the intra-seasonal 
scale. The results imply that although a set of taxa appeared were somewhat different across 
different years, the seasonal succession of the numerically abundant taxa varied less among 
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different years.  Like the b-diversity, the mean and variance of ∆MBS were smaller in the across-
year month scale than those in other temporal scales. If MBS reflects the magnitude of predation 
pressure by fish as discussed above, the result implies that seasonality in the predation pressures is 
relatively stable among the different years, although the level of the predation pressure may change 
annually. 
Since water temperature in a given month is similar between different years, it was expected 
that the -diversity in the across-year scale was little affected by water temperature. However, both 
of the -diversity indices were correlated significantly with the dissimilarity of the variables related 
to food conditions (SesP and Chl-a) and that of WT in the across-year month scale. A significant 
relationship was also detected between ∆MBS and the dissimilarity of WT in this time scale. The 
results imply that annual differences in WT and food conditions in given months change the 
seasonality of the zooplankton community structure. Long-term studies have shown that annual 
difference in climate regimes often causes large seasonal variations of zooplankton communities 
in lakes (Straile and Adrian 2000; Gyllström et al. 2005). Likewise, the annual difference in the 
temporal pattern of the zooplankton community in Lake Hataya-Ohnuma may have been caused 
by slight changes in the seasonality of temperature and its effects on food conditions and predation 
pressures. 
            In conclusion, the water temperature was a prime factor regulating the zooplankton 
community structure across seasons in a small mountain lake, but biological factors such as algal 
food conditions were more important factors within seasons and among specific months of 
different years. This study also suggests that both water temperature and food conditions jointly 
affected the annual differences in the seasonal dynamics of the zooplankton community, 
presumably through direct and indirect effects of changes in the meteorological conditions among 
different years. Although the effects of predation pressures on the zooplankton community was not 
quantitively assessed, temporal variations and correlations of ∆MBS with environmental factors 
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suggest that predation pressure play roles as a factor affecting the zooplankton community 
structure over single years. Thus, the present study supports the idea that relative importance 
among factors regulating the zooplankton communities in lakes changed depending on the 
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Table 3.1. Means and variances of the two 𝛽-diversity indices and the dissimilarity of mean body 
size (∆MBS) at each temporal scale. 
 
Temporal scale 𝛽b-diversity   𝛽j -diversity   ∆MBS 
  Mean Var   Mean Var   Mean Var 
Inter-A  0.493 0.161  0.501 0.025  1.097 0.796 
Inter-S 0.471 0.017  0.446 0.032  1.013 0.694 
Intra-S 0.394 0.014  0.341 0.024  0.981 0.112 

















Table 3.2. Results of the randomization test showing probability values supporting null hypotheses 
that means and variations of the two 𝛽-diversity indices and dissimilarity of body size (∆MBS) are 
the same between the different temporal scales. 
 
    𝛽b – diversity   𝛽j – diversity   ∆MBS 
    Mean Var   Mean Var   Mean Var 
Inter-A vs. Inter-S  0.001 0.857  0.001 0.001  0.076 0.294 
Inter-A vs. Intra-S  0.001 0.49  0.001 0.758  0.284 0.105 
Inter-A vs. Specific-M  0.001 0.001  0.001 0.001  0.001 0.089 
Inter-S vs. Intra-S  0.001 0.182  0.001 0.044  0.258 0.253 
Inter-S vs. Specific-M  0.001 0.001  0.802 0.001  0.007 0.453 




















Table 3.3. Effects of the environmental variables on the two 𝛽 -diversity indices and the dissimilarity of mean body size (∆MBS) in  each of four 
different temporal scales. 






N 𝛽b – diversity (Bray-Curtis index) 
 
𝛽j – diversity (Jaccard index) ∆MBS 
 
WT SesP TN Chl-a r2 
 
WT SesP TN Chl-a r2  WT SesP TN Chl-a r2 
Inter-A 3003 0.057*** n.s n.s 0.011*** 0.170 
 
0.068*** n.s 0.007** n.s 0.159  n.s n.s n.s n.s 0.008 
Inter-S 303 0.055*** n.s n.s n.s 0.171 
 
0.087*** n.s n.s n.s 0.205  n.s n.s n.s n.s 0.012 
Intra-S 61 n.s 0.120** n.s n.s 0.142 
 
n.s n.s n.s n.s 0.126  0.573** 0.607* n.s n.s 0.169 
Specific-M 281 0.091*** 0.012** n.s 0.017** 0.074 
 
0.104** 0.013* n.s n.s 0.045  0.482* n.s n.s n.s 0.033 
 
 
Figure 3.1. Schematic representation showing the dissimilarity matrices and the values (shaded cells) used for analyses at four different temporal 





Figure 3.2. Frequency distributions of dissimilarity of temperature (a - d), dissimilarity of seston P concentration (e-h), dissimilarity of total 
nitrogen content (i-l) and dissimilarity of chlorophyll-a concentration (m-p) estimated in the inter-annual, (a,e,i,m), inter-seasonal (b,f,j,n), intra-







Figure 3.3. Temporal changes in the species richness (a), log-transformed abundance (b), and mean body size (MBS) of the zooplankton 







Figure 3.4. Frequency distributions of 𝛽b-diversity (Bray Curtis index: a - d), 𝛽j-diversity (Jaccard index (e-h) and dissimilarity of mean body 








Figure 3.S1. Temporal changes in water temperature (a), seston P concentration (b), total nitrogen content (c), and chlorophyll-a concentration (d). 




Chapter IV. Identification of environmental conditions affecting the temporal dynamics 





























Synchrony and its alternative pattern, compensatory dynamics, are mutually exclusive features of 
community dynamics composed of multiple species (Micheli et al. 1999; Gonzalez and Loreau 
2009). Compensation dynamics reflects negative co-variances among the species due to difference 
in environmental preference (Ives et al. 1999) or antagonistic biological interactions such as 
competition (Loreau and de Mazancourt 2008). Conversely, a temporally variable environment 
may select species with similar traits that share the same environmental preference, which likely 
exhibit temporally synchronized dynamics (Rocha et al. 2011). Compensatory dynamics stabilizes 
the biomass at community level such that the decrease of one species would be counter-balanced 
by the increase of another species (Brown et al. 2016) (Figure 4.S1).  However, factors or 
environmental conditions shifting compensatory to synchrony dynamics or vice visa remains 
elusive since its difficulty in identifying these dynamics quantitatively (Mutshinda et al. 2009) and 
since factors leading to synchrony and compensatory dynamics are not necessarily in exclusive 
(Vasseur et al. 2014).  
Since each species has its own life table with unique reproduction and survivorship schedules, 
time scale of the population dynamics may be aligned with species-specific temporal scales.  
Accordingly, synchrony and compensatory dynamics in a given community may operate at 
different time scales (Vasseur et al. 2005). The driving factors enable co-occurrence of multiple 
species at short and long-time scale may differ, which result in the community to be synchronous 
at short time scales but compensatory at longer time scales, and vice versa (Zhao et al. 2020). Thus, 
synchrony and compensatory dynamics in a community likely vary with the time scales. To 
understand such a temporal scale, spectral time series methods detecting coherent dynamics among 




Temporal scale dependencies of synchronous and compensatory dynamics has been often 
focused in studies of freshwater plankton communities, since these are ideal to examine variability 
inherent in the communities due to their short generation times (Vasseur et al. 2014). In Lake 
Constance (Bodensee), for example, phytoplankton and zooplankton showed compensatory 
dynamics at time scales ranging from a half to full year, which are driven by prey-predator 
interactions between these and competition for nutrients among phytoplankton, but synchronous 
dynamics at most other timescales (Vasseur et al. 2005; Vasseur and Gaedke 2007). In contrast, 
Downing et al. (2008) described how zooplankton in experimental ponds had synchronous 
dynamics at short timescales, but had compensatory dynamics at longer timescales. In Little Rock 
Lake, the zooplankton community exhibited a powerful synchronous signal at annual-scale during 
the experimental acidification with no change in compensatory dynamics at other time scales (Keitt 
2008).  These studies suggest a likelihood that synchronous dynamics is more common than 
compensatory dynamics in freshwater plankton communities, and that the timescales when 
compensatory dynamics appears are system-dependent (Vasseur et al. 2014; Brown et al. 2016).  
In this study, I examined the temporal dynamics of a zooplankton community in a small 
mountain lake and analyzed whether they exhibited synchrony or compensatory dynamics at 
various time scales along time.  I also examined what abiotic and biotic factors contributed to the 
synchronous and compensatory dynamics at different time scales.  
 
Methods 
Biological and Physio-chemical data 
Monthly data of the zooplankton community for 9 years collected in Lake Hataya Ohnuma  was 




concentration (SesP) and chlorophyll-a concentration (Chl-a) and seston carbon concentration 
(Ses C).  Details of lake water collections and measurement methods for zooplankton composition 
and abundance, WT, SesP and Chl-a were described in Chapter II and III.  For measuring SesC, 
we mixed lake water at various depths to make the vertically integrated samples as described in 
Chapter II. Then aliquot of the water was filtered onto a GF/F filter under a low pressure, and 
seston C concentration on the filter was determined using a CN analyzer (Perkin-Elmer model 
2400). Since water temperature is vertically not homogeneous in most sampling dates, I estimated 
the standard deviation of temperature readings at each depth (1m interval) and used it as a degree 
of vertical variation of water temperature (WTVar).  
 
Statistical analysis 
I used data of zooplankton taxa that appeared >30% of the sampling dates. Rare species were 
excluded since they may add noise in community dynamics due to the low abundances and provide 
little additional information than common species (Gauch 1982; McCune et al. 2002). Moreover, 
it is often difficult to distinguish true compensation from a random effect as the number of species 
grow (Keitt 2008). Biomass of each zooplankton taxa was calculated from individual number using 
known conversion factors based on the body size (Bottrell et al. 1976; McCauley 1984; Kawabata 
and Urabe 1998) as in Chapter III. As a proxy of predation pressure by fish, the rotifer to crustacean 
ratio (Rot/Crus) was calculated (Ochocka and Pasztaleniec 2016). Prior to the statistical analyses 
below, the biomasses of zooplankton taxa were log (n + 1) transformed to stabilize the variances.  
To examine whether the zooplankton community exhibit synchronous or compensatory 




The wavelet modulus ratio (WMR; (t, s)) was estimated according to the following equations 
(Keitt, 2014), 
 
𝑤𝑘(𝑡, 𝑠) = 𝑠








where s was the temporal scale of analysis, ψ(τ) the wavelet function and xk(τ) the biomass of the 
kth species at time τ. The Morlet wavelet function for ψ(τ) was used in all analysis. Coherency was 
measured using the localized wavelet modulus ratio (WMR) as follows: 
 
𝑊𝑀𝑅;  𝜌(𝑡, 𝑠) =
Λ𝑡,𝑠(|∑ 𝑤𝑘 𝑘 (𝜏, 𝑠)|)
Λ𝑡,𝑠( ∑ |𝑤𝑘(𝜏, 𝑠)|𝑘 )
 
     
It quantifies the aggregate biomass variation at time t and scale s (numerator), where the 
denominator captures sum of variations of individual species biomass. Note that WMR quantified 
by eq.2 tends to move towards 1 under synchrony where aggregate species variation approaches 
the sum of individual species variation, while WMR approaches 0 under compensatory dynamics 
where aggregate variation is small relative to the individual species variation. Significance of 
WMR was assessed by p-values estimated by the bootstrap method with1000 repetitions (Keitt 
2008, 2014).  
 To test if the pattern of species synchrony and compensatory dynamics change along the 
time scales, I chose seasonal (3 month’s scale), sub-annual (6 months’ scale) and near-annual time 
scale (8 month’s scale). Then, I examined effects of physio-chemical (WT, WTVar, SesP, SesC) 








model (LM) analysis. I estimated the moving average of these variables comparable to time scales 
for the WMR estimates. Before the analysis, I standardized each of these variables to zero mean 
with unit variance. These analyses were performed using the ‘mvcwt’ (Keitt 2014) package and 
in-built packages of R 4.0.3 (R core team 2020). 
 
Results 
Out of the 29 taxa identified throughout the study period, 22 taxa were included in the wavelet 
analysis. These taxa were 4 cladoceran genera, 4 copepod genera and 3 copepod developmental 
stages and 11 rotifer genera.   
The wavelet analysis showed an alternating pattern of synchrony and compensatory 
dynamics at time scales less than 9 months (Figure 4.1). For example, at 3month scale, the 
community showed compensatory dynamics more frequently from 2009-2010, but turned to 
synchrony after that. Alternating patterns of synchrony and compensatory dynamics were also 
observed at 6 months’ scale. At the 6- and 8-months’ scales, alternating patterns of synchrony and 
compensatory dynamics were also observed but the compensatory dynamics appeared more 
frequently although the period showing the compensatory dynamics differed between these time 
scales.  At time scales longer than 9 months, it exhibited consistently synchrony among the taxa 
along the time. 
The moving average of total zooplankton biomass showed a low variation at seasonal time 
scale specifically from 2009-2011 and at sub annual and long sub annual time scales from 2013-
mid 2014  (Figure 4.2). The moving averages of all physio-chemical and biological factors showed 
a similar pattern among the three selected time scales. Especially, the moving averages of WT   




December to February. Similarly, the moving average of WTVar showed less variable temporal 
patterns and showed high values during April to June and low values during September to October. 
The rest of the variables examined showed a temporally irregular pattern at each scale along time  
(Figure 4.3). Chl-a was high in summer in most years but showed an increased level from 2014 to 
2016 relative to other years.  SesP showed an increasing trend toward 2016 with some seasonal 
oscillations. SesC changed depending on the month of each year and was very low at the end of 
year 2012. The Rot/Crus ratio also varied according to months in each year but exhibited a 
comparatively higher level from 2015-2016.  
A stepwise LM analysis was performed to examine the effects of physio-chemical and 
biological variables on temporal changes in WMR at each of 3-, 6- and 8-month scales. At 6- and 
8-month scales, WTVar had a significantly negative effect on WMR, while the Chl-a and Rot/Crus 
had significantly positive effects. In addition, WT had a significantly negative effect, while SesP 
had a significantly positive effect on WMR at the 6-month scale. At the 3-month scale, WT and 
WTVar had no effect on the WMR, but SesP and Rot/Crus had significantly positive effects on 
WMR. SesC did not effect on the WMRs at any time scale (Table 4.1). 
 
Discussion 
The present results showed that the pattern of temporal dynamics in the zooplankton of Lake 
Hataya Ohnuma  varied depending on the time scale focused and  that biotic and abiotic factors 
differently contributed on synchrony and compensatory dynamics at different time scales. In this 
study, compensatory dynamics was observed more frequently than synchrony specially at sub 
annual scales, while, synchrony was observed at the annual scale. Houlahan et al. (2007) reviewed 




and aquatic habitats, and concluded that strong negative covariances among the composed species 
that were indicative of compensatory dynamics were quite rare, although these conclusions have 
been criticized because of its too simplistic analysis (Loreau and de Mazancourt 2008, Gonzalez 
and Loreau 2009). A recent study with the similar objective with more robust analytical 
methodologies by Vasseur et al. (2014) showed that synchronous dynamics were far more 
prevalent in natural plankton systems than compensatory dynamics, especially over large spatial 
and temporal scales. The finding is congruent with the present results showing that synchrony 
occurs at annual time scales but less in sub-annual or seasonal time scales. Downing et al. (2008) 
and Brown et al. (2016) argued that compensatory dynamics within a community may be common 
in natural systems, but rarely noted through the analysis of raw data, probably because 
compensatory dynamics occur within a limited range of temporal scales and is masked by 
synchronous dynamics at other scales. To overcome such uncertainties, the wavelet analysis was 
used to untangle complex relationships in the dynamics of composed species and uncover 
existence of compensatory dynamics. It successfully detected compensatory dynamics in the 
community at seasonal and sub-annual time scales. Downing et al. (2008) and Brown et al. (2016) 
showed that community biomass was stabilized through compensatory dynamics under fluctuating 
environment conditions specifically.   Accord with their results, the total biomass tends to be less 
varied when compensatory dynamics appeared at sub annual time scales but varied across different 
years.   
Several studies suggest that compensatory dynamics within communities are more likely to 
occur at periods when resources are limited for at least subsets of species, because such species 
that are less competitive are removed under the limited food condition (Vasseur 2005; Loreau and 




ample food would less function to remove competitively inferior species. Supporting to this 
inference, either Chl-a, SesP or both had a positive effect on WMR, since, Chl-a and SesP are 
variables that indicate food quantity and quality for zooplankton (Urabe and Watanabe 1992; Elser 
et al. 2001; Boersma et al. 2001; Hessen et al. 2005).  Similarly, Rot/Crus ratio had a positive 
effect on WMR in all the time scales. Rot/Crus ratio can be viewed as a proxy of predation pressure 
by fish (Hansson et al. 2007; Ochocka and Pasztaleniec 2016) since planktivorous fish 
preferentially prey on larger zooplankton (O’Brien 1979; Zaret 1980).  Thus, the present results 
suggest that increase in fish predation promote species synchrony while the opposite is true for 
compensation.  In general, on the  one hand, predation pressure decrease preferential zooplankton 
species which may results in increasing less preferential zooplankton species (Lynch 1979; 
Urabe and Watanabe 1992；Amundsen et al. 2009).  Under such a situation, the increased 
predation pressure may promote compensatory dynamics. However, on the other hand, a moderate 
predation pressure rather would increase the number of species appeared by reducing competitive 
interactions (Hobæk et al. 2002; Alric et al. 2013) as an effect of intermediate disturbance 
(Härkönen et al. 2014). In Lake Hataya Ohnuma, both large zooplankton such as Daphnia and 
small zooplankton like rotifers appeared abundantly, suggesting that predation pressure by fish is 
moderate according to Zaret et al. (1980) and Jeppesen et al. (2000).  Accordingly, predation by 
fish as gauged by Rot/Crus ratio abundance may have promoted synchronous dynamics in the 
zooplankton community. 
Water temperature and its vertical variance related negatively with WMR in time scales 
longer than 6 months (sub-annual) but not in 3-month time (seasonal) scale . Since in the short 
time intervals, water temperature is not largely changed. Therefore, water temperature regimes 




annual time scales, increased water temperature and stagnant conditions promoted compensatory 
dynamics in the zooplankton community of Lake Hataya Ohnuma.   In general, nutrient supply 
from the lake bottom is restricted during the stagnant period (Fee et al. 1994; MacIntyre et al. 
2006), which may function to decrease algal food supply for zooplankton (Elser et al. 2001; Berger 
et al. 2006). Under such a condition, it is likely that competitive interactions are intensive. 
Similarly, strength of competitive interactions become more intensive with increasing water 
temperature since population growth rate generally increase with temperature. Therefore, temporal 
dynamics of zooplankton populations tend to compensate when water temperature increases and 
vertical water mixing is weakened. 
In conclusion, this study revealed that patterns of synchrony and compensation can vary 
according to the timescale focused. In Lake Hataya Ohnuma, the zooplankton community 
exhibited compensatory dynamics at seasonal and sub-annual time scales during the stagnant 
period when water temperature variation was high with low food abundance and quality and low 
predation pressure by fish. Absence of compensatory dynamics in the community at annual time 
scales implies that both biotic and abiotic environmental conditions did not change at annual levels 
at least for the duration that this study was conducted. This present study showed that the wavelet 
analysis was useful to successfully unravel compensatory dynamics intrinsic and to identify its 
temporal scales intrinsic within plankton communities, which would be otherwise hidden by 
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Table 4.1. Results of stepwise multiple regression analysis for WMR at each timescale   
 
 








WMR ~ WT WTVar Chl-a SesP SesC Rot/Crus r2 AIC 
3 month scale n.s. n.s. n.s. 0.09***  n.s. 0.034*** 0.496 -131.02 
6 month scale -0.015*** -0.035*** 0.024*** 0.026*** n.s. 0.040*** 0.960 -406.5 





Figure 4.1. Wavelet modulus ratio for sampling years 2008-2016 in lake Hataya Ohnuma. The 
modulus ratio is scaled from 0 (Dark blue denotes perfect compensation) to 1 (dark red denotes 
perfect synchrony). Thin dashed lines delineate regions where the modulus ratio fell outside phase-
perturbed 95% confidence intervals. Heavy solid lines indicate regions significantly different from 
the null model with the false discovery rate controlled at the 5% level. Dashed grey lines indicate 
±1 unit of scale from boundaries. Values nearer to the boundaries should be interpreted with 










Figure 4.2. moving average of zooplankton total biomass at 3 month (a) , 6 month (b) and 8 
month (c)  scales. Each point corresponds to the average of the next 3, 6 or 8 months 
accordingly. 
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Figure 4.3. moving average of water temperature ℃ (a,g,m), water temperature variation among layers (b,h,n), Chlorophyll-a µg/L 
(c,i,o), Seston P µg/L (d,j,p), Seston C µg/L (e,k,q), Rotifer/Crustacean ratio (f,l,r) at 3 month, 6 month and 8 month scales. Each point 
corresponds to the average of the next 3, 6 or 8 months accordingly. 
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Figure 4.S1. Effects of synchronous dynamics and compensatory dynamics on aggregate 
community properties. Solid lines represent 2 species and the dashed line represents the 
aggregate biomass. Even though the population variance in each scenario is same, the 
aggregate is stabilized in the compensatory dynamics due to the negative co-variation between 
species. The y-axis is shown as zooplankton biomass, but could be any other community 


























Chapter V. Relationship between the realized niche overlap and phylogenetic distance of rotifer 



















































Hutchinson (1957) defined the realized niche as the portion of a hyper-volume composed of 
abiotic and biotic variables within which a species can maintain a viable population. Since then, 
it is often viewed as a mainframe determining the probability distribution of a species and 
describing its evolutionary changes (Voje et al. 2015). Since many organisms evolved their 
realized niche by adapting physiologically and ecologically various conditions under 
phylogenetic constraints, closely related species likely have more similarities in the niches than 
taxonomically distant species (Wiens and Graham 2005). However, the opposite trend may be 
true since genetically close species may have diverged their realized niches to avoid 
competitive interaction with each other as first pointed out by Darwin (Cahill et al. 2005). To 
test this trend, Venail et al. (2014) reviewed studies examining the relationships between the 
strength of competitive interactions and relatedness of the competing species. However, they 
found that the positive relationship between these was rather less common, suggesting that 
closely related species differ in their realized niche. It should be noted that most previous 
studies examined this relationship using organisms across a wide range of taxa. Accordingly, 
it is not necessarily clear whether genetically similar species within limited taxonomic groups 
are also similar in their realized niche or not.  
Classically, studies quantified the degree of overlaps in the realized niche of various 
organisms by examining the spatial distribution pattern with environmental factors (Devictor 
et al. 2010; Broennimann et al. 2012).  Similarly, the realized niches of species in a community 
may be quantified by examining long-term temporal changes in the abundance of these species 
(Huey and Pianka 1983, Lima and Magnusson 2000). However, such an approach examining 
the realized niches of species in a community is limited, although it provides clues for factors 





In freshwater environments, rotifers are important components of the zooplankton 
communities. They include morphologically and dietarily various species (Ruttner-Kolisko 
1974, Hillbricht-Ilkowska 1983). In addition, since different species often appear in different 
seasons and since their life cycle is as short as less than a week (Edmondson 1946, Hutchinson 
1967, Snell and King 1977; Castro et al. 2005, Obertegger et al. 2011), rotifers are ideal species 
to examine the relationships between the niche similarity and genetic or phylogenetic similarity.   
Examining these relationships provides the underlying processes promoting species 
coexistence and replacement, thus temporal dynamics of the rotifer community. Therefore, this 
chapter investigated the realized niche space of rotifer species in Lake Hataya Ohnuma based 
on long-term population data and their phylogenetic distances based on the genetic analysis.  
Then, I examined if the degree of niche overlap among the rotifer species was related to their 
genetic or phylogenetic distances. Finally, using these results, I examined dominant factors 
determining temporal dynamics of the rotifer communities in this lake along with 
environmental changes.  
 
Methods 
Biological and Physio-chemical data 
Zooplankton data from Lake Hataya Ohnuma as described in Chapter II, and water temperature 
(WT), vertical water temperature variation (WTVar), seston P (SesP) and chlorophyll-a (Chl-
a) data described in Chapter II-IV were used in this chapter.  In the present study, we used the 
data obtained from four years from 2013 to 2016, and rotifer species that appeared in more 
than 15% of samples collected for the four years (the total 36 samples) were analyzed as 





In each of the common rotifer species, at least four individuals per species per sample were 
isolated from the series of ethanol-preserved zooplankton samples collected from 2013-2016 
at the deepest point of Lake Hataya Ohunma by a vertical tow of zooplankton net with 100 µm 
mesh size. DNA was individually extracted, each in a 50µl Quick Extract solution according 
to the manufacturer’s protocols. At first, I sequenced the mtCOI region using a re-designed 
universal primer set ZplankF1_t1 and ZplankR1_t1 (Prosser et al. 2013). However, many of 
the rotifer species did not work well with this primer set. Hence, I chose the 28S ribosomal 
DNA region since it showed that most rotifer species present in the study site could be 
genetically differentiated (Makino W. unpublished material). Each 10 µl of polymerase chain 
reaction (PCR) cocktail included 1 µl of DNA template solution, 0.05 µm of Ex Taq 
polymerase, 1 µl of 10 × Ex Taq buffer, 0.8 µl of dNTP, 0.2 µl of each 28S primer (10 µM), 1 
µl of Cresol red and 5.75 µl of distilled water. The PCR cycling condition was 94 °C for 2 min, 
94 °C for 30 s, 50 °C for 45 s, 72 °C for 45 s, and then 39 cycles of 94 °C for 30 s with a final 
extension of 72 °C for 5 min. Agarose gel electrophoresis was done with 4% agarose dissolved 
in Tris, acetate and EDTA (TAE) / Tris, borate and EDTA (TBE) in the presence of GelRed 
nucleic acid stain, and the results were photographed and used for verification. PCR products 
were purified using ExoSAP-IT Product Cleanup Reagent and then amplified with Big Dye 
Terminator ver. 3.1 using the same primers as in the PCR amplification. DNA sequencing by 
the Sanger method was performed using 3100-Avant Genetic Analyzer. All forward and 
reverse sequences were inspected through MEGA X (Kumar et al. 2018) to create consensus 
sequences, which were then aligned with MUSCLE (Edgar 2004) to detect the different 
haplotypes.  
The phylogenetic relationship among the obtained haplotypes was examined with 
MEGA X (Kumar et al. 2018). For the outgroup, one sequence of Daphnia magna was added. 




Maximum-Likelihood (ML) tree with the aid of MEGA X, applying Kimura’s (1980) two-
parameter (K2P) pairwise genetic distance, pairwise gap deletions, and 1000 bootstrap 
replications. Rotifer species were identified from the ML tree through the Bayesian Poisson 
tree process model for species delimitation (bPTP server). 
 
Statistical analysis 
The realized temporal niche overlap for a pair of rotifer species (species i and j) was calculated 
using the Pianka’s niche overlap index (Pianka 1974) (PNOi, j) as follows,  
PNOi, j  =    (Ni,t Nj,t )/sqrt( Ni,t2  Nj,t2 )      (eq. 1), 
where Ni,t and Nj,t are abundances of species i and j at sampling date t, respectively. If it is 1, 
the two species share completely the same realized niche space, while if it is 0, their temporal 
niche space did not overlap at all. To test if the estimated value was a result of by-chance or 
not, a randomization test was performed. In this test, abundance data at time t of a species in 
the pair were randomized (n=1000) to create a null distribution of the niche overlaps. Then, 
two-tailed significance was determined by comparing the observed value with values estimated 
by the randomization trials. I concluded that the niche of the two species was significantly 
different or same if it was > 97.5% or < 2.5% of the values obtained by the randomization trials, 
respectively. 
The pairwise phylogenetic distances were computed using the phylogenetic tree as a sum 
of its branch lengths using the cophenetic.phylo function in ape package in R ( Paradis and 
Schliep 2019). Kimura’s two-parameter (K2P) pairwise genetic distance was computed in 
MEGAX software (Kumar et al. 2018).  
To find if temporal niche overlap of rotifer species was related to phylogenetic and 
genetic distances, mantel tests with 999 randomizations were performed. For species pairs 




these species for four environmental parameters (WT, WTVar, Chl-a, SesP). Environmental 
niche overlap (ENOP) for the parameter P was calculated as niche intersections between species 
i and j (May 1975; Lakkis 1994). It was determined by taking environmental parameter values 
(P) at sampling date when species i and j appeared as follows: 
 ENOP , i, j= min [max Pi,  max Pj]- max [min Pi,  min Pj]          (eq.2), 
where Pi and Pj are values of environmental parameter P at sampling dates when species i and 
j appeared, respectively. Statistical significance of the estimated ENOP value was examined by 
the randomization test above. These statistical analyses were carried out using in-built 
packages of R 4.0.3 (R core team 2020). 
 
Results 
Throughout the four years from 2013, nine rotifer taxa appeared in more than 15% of the 
sampling dates. All of these were Monogonant rotifers. These nine rotifer taxa were first 
identified using morphological characteristics and then phylogenetically analyzed using 28S 
rDNA (Figure 5.1). Seven taxa of the rotifers had single haplotypes. Among these, the three 
species Keratella cochlearis, Keratella quadrata and Kellicottia bostoniensis were the same 
haplotype and failed to be diverged by28S rDNA (Figure 5.2).  Contrastingly, genus Polyarthra 
and Synchaeta had two different haplotypes (hereafter referred to as sp.1 and sp.2 for the two 
genera). In both genera, morphological differences were not remarkable between sp.1 and sp.2 
(Figure 5.1). With these species, I constructed the phylogenetic tree using 28S rDNA. It showed 
that phylogenetic distance varied depending on which two rotifer species were paired.  Among 
the rotifer species, the phylogenetically most distant pairs were Filinia longiseta and Synchaeta 
sp.1 and sp.2. However, the genetically most different pair was Polyarthara sp.1 and Filinia 




Among these rotifer taxa, K. cochlearis and K. bostoniensis were found in most of the 
sampling dates throughout the years, followed by Trichocerca sp., Conochilus sp., and 
Polyarthra sp.1 (Figure 5.3). Synchaeta sp.1, Polyarthra sp.2 and K. quadrata were the least 
appeared among the taxa examined.  Polyarthra sp.1 and sp.2, were not overlapped in 
appearance date. The same antagonistic appearance pattern was found between Synchaeta sp.1 
and sp.2. To quantify which rotifer species pairs had a significant temporal niche 
overlap/segregation, I estimated the Pianka’s niche overlap index (PNO) for all pairs of the 
rotifer species with the randomization tests. It showed that 11 out of 55 pairs of species were 
significantly not overlapped with each other and thus segregated in their temporal niche space. 
Contrastingly, only 2 pairs of species (Polyarthra sp.2 and F. longiseta, and Synchaeta sp.1 
and K. quadrata) significantly overlapped the temporal niche space of each other.  For the rest 
of the pairs, the degree of the temporal overlap in their realized niche space was explained by 
chance. 
To examine if the temporal niche overlap of a species was smaller for the closely related 
species, I performed the mantel tests between PNO, and genetic and phylogenetic distances 
(Figure 5.4).  The analyses showed that PNO was significantly related to the phylogenetic 
distance and marginally with the genetic distance. More specifically, these data showed a 
triangle pattern such that the temporal niche was less overlapped between phylogenetically 
similar species and tended to vary between phylogenetically distant species.  
 Finally, to examine if the degree of niche overlap or segregation were caused by 
similarity or difference in species preference for a specific environmental condition, I 
examined ranges of environmental conditions when each rotifer species appeared. Most rotifer 
species had a broad range for WT, WTVar, Chl-a and SesP.  However, some species appeared 
at a restricted range in some environmental parameters. For example, Synchaeta sp.1 




trend was found in Synchaeta sp.2. Then, I calculated the environmental niche overlaps (ENO) 
for the 13 pairs of rotifer species that showed significant values of PNO (Table 5.1). In the two 
pairs showing significant overlapping in their temporal niches, the pair of Polyarthra sp.2 and 
F. longiseta showed significantly large ENO values for WT, WTVar, Chl-a and SesP. The pair 
of Synchaeta sp.1 and K. quadrata showed a significantly large ENO value only for Chl-a.   
In most of the 11 pairs that showed significant segregation in the temporal niche space, 
ENO values were significantly lower in temperature. However, such significantly lower 
overlapping values (i.e., segregation) were less detected in other environmental parameters 
except for a few species’ pairs. Rather, most of the pairs showed significantly large ENO values 
for SesP and WTVar. Some exceptions were pairs of Synchaeta sp.1 (ID=3) with Synchaeta 
sp.2 (ID=4), K. cochlearis (ID=6) and Trichocerca sp. (ID=9) that showed significantly lower 
ENO values for WTVar and Chl-a (Table 5.2). 
 
Discussion 
As first expected by Darwin, (Cahill et al. 2005), the present study clearly showed that the 
realized niche was less overlapped between phylogenetically closer rotifers that appeared in 
Lake Hataya Ohnuma. The results imply those competitive interactions at present or past play 
crucial roles in determining the structure of the rotifer community and its temporal dynamics.  
More importantly, although most species’ pairs showing significant segregation in their 
realized niche often appeared in the same environmental ranges in terms of SesP, Chl-a 
concentrations and water stagnant condition, the range of the temperature they appeared was 
significantly less overlapped. The results indicate that water temperature is the most crucial 
niche axis segregating the realized niche among the rotifer species.  In the zooplankton 
community, exploitative competition for food is known to be one of the most important factors 




Duncan 1989). Nonetheless, food conditions reflected by seston P (Guisande et al. 2008, 
Kazama et al. 2021) and chlorophyll-a (Silsbe et al. 2006; Josué et al. 2019) are less important 
environmental parameters segregating the realized niche.  This result suggests that 
phylogenetically close species may have evolved to prefer different temperatures, rather than 
different food conditions, to avoid the competition that occurred in the past. 
Recent studies with molecular techniques revealed that some rotifer species contained 
genetically different species, i.e., cryptic species that showed no notable differences in the 
morphology. In addition, some studies suggested that these cryptic species adapted to different 
environmental conditions. For example, several species of the B. calyciflorus complex showed 
differential responses to changes in water temperature and algal food concentration (Li et al., 
2010). Furthermore, some cryptic species that were morphologically identified as K. cochlearis 
appeared in different habitats in terms of trophic conditions and temperatures (Hillbricht-
Ilkowska 1983), while, cryptic species of Synchaeta appeared in habitats that differ in total P 
concentration (Obertegger et al. 2012), temperature and conductivity (Obertegger et al. 2008). 
Similar to that study, we found genetically two different species in genus Synchaeta and that 
one species appeared in warm seasons while the other species appeared in cold seasons.  Since 
these cryptic species within the same genera are similar in morphology, they likely share the 
same food habits. Accordingly, these cryptic species could distribute in the same habitats using 
different seasons by adapting to different temperatures. However, although we found two 
genetically different species of Polyarthra that showed significant segregation in the realized 
niche, none of the environmental variables examined explained this niche segregation. Since 
Polyarthra is armed with paddle spines (Figure 5.1(a), (b)), which function to swim rapidly 
and to protect them against invertebrate predators (Gilbert 1985; Urabe 1992), they adapt to 




Among pairs of rotifer species examined in the present study, Polyarthra sp.2 and F. 
longiseta, and Synchaeta sp.1 and K. quadrata were the only two pairs of species that 
significantly overlapped in the temporal niche space. The first pair of species specifically had 
a high overlap on all four measured environmental factors, showing that they both prefer 
similar environmental niches. Both species in these pairs differ in their respective food habits, 
with genus Polyarthra and Synchaeta being algae graspers while Filinia and Keratella are filter 
feeders ( Hillbricht-Ilkowska, 1983). The difference in the feeding type may have reduced 
competitive strength between these species, allowing them to co-occur in the same temporal 
niche space.  
 It should be noted that the validity of the present analysis depends on the gene used in 
estimating genetic and phylogenetic distance since molecular evolution rate (i.e., base 
substitution rate) differs among the gene (Mardulyn and Whitfield 1999; Lv et al. 2014). In the 
present study, I used 28S rDNA since mtCOI, which was widely used in molecular 
phylogenetic analysis and DNA barcoding, was inefficient in genetically identifying rotifer 
species. Indeed, I was successful in genetically identifying rotifer species with 28S rDNA, 
although three species K. cochlearis, K.quadrata and K. bostoniensis failed to diverge by the 
sequence of this gene, presumably due to its low mutation rate. However, these three species 
are placed in phylogenetically close positions according to the taxonomy based on the 
morphology (Rutterner-Kolisko 1974). Therefore, the use of 28S rDNA would not induce fatal 
errors in the present analysis. However, it is important to repeat the present analyses using 
different genes for ascertaining the present results.  
In conclusion, with the aid of genetic analysis, I found a total of 11 common rotifer 
species in Hataya Ohuma, including cryptic species belonging to Synchaeta and Polyarthra. 
Phylogenetically closer species were less overlapped in their temporal niche spaces, suggesting 




community and its temporal dynamics. More importantly, the rotifer species pairs with 
significant niche segregation also preferred different temperatures but often showed a similar 
preference to the same food conditions. The results imply that water temperature is a prime 
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Table 5.1.  Results of randomization test for Pianka’s niche index of species pairs. The horizontal line of species is shown by species ID number, 
which is shown in the left vertical column. Values closer to 1 indicate perfect temporal overlap, while 0 indicates temporal non-overlapping. The 
significantly larger values against randomized values are denoted by red cells, while significantly smaller values are denoted by blue cells. 
 
 
   1 2 3 4 5 6 7 8 9 10 
1 Polyarthra sp.1           
2 Polyarthra sp.2 0          
3 Synchaeta sp.1 0.052          
4 Synchaeta sp.2   0        
5 Aasplanchna priodonta           
6 Keratella cochlearis   0.018        
7 Kellicottia bostoniensis           
8 Keratella quadrata 0.02  0.701 0       
9 Trichocerca sp.   0.001     0   
10 Conochilus sp.           









Table 5. 2.  Environment niche overlap in terms of temperature (WT), vertical variation of 
WT (WTVar), chlorophyll-a concentration (Chl-a) and seston P concentration (SesP) 
calculated for species pairs that showed significant niche overlap values. ID number of rotifer 
species corresponds to table 5.1.  The significantly larger values against randomized values 
are denoted by red cells, while significantly smaller values are denoted by blue cells.  No 
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2,11 18.13 0.53 11.77 20.38 
3,4 7.01 0.33 9.09 
 





3,9 9.05 0.33 9.24 10.67 
4,8 5.82   5.95 












Figure 5.1. Pictures showing rotifer species used in this study. Polyarthra sp.1 (a), Polyarthra sp.2 (b), Synchaeta sp.1(c), Synchaeta sp.2 (d), 
Asplanchna priodonta (e), Keratella cochlearis (f), Kellicottia bostoniensis (g), Keratella quadrata (h), Trichocerca sp. (i) , Conochilus sp. (j), 







Figure 5.2. The maximum-likelihood phylogenetic relationships based on 28S rDNA 































Figure 5.4. Relationship between Pianka’s niche overlap with phylogenetic distance and genetic distance. Correlation coefficient (r) and 
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